Activation of platelets by exposed collagen after vessel wall injury is a primary event in the pathogenesis of stroke and myocardial infarction. Two collagen receptors, integrin ␣2␤1 and glycoprotein VI (GPVI), are expressed at similar levels on human and mouse platelets, but their individual roles during collagen activation remain poorly defined. Recent genetic and pharmacologic experiments have revealed an essential role for GPVI but have failed to define the role of ␣2␤1 or explain how two structurally distinct collagen receptors might function together to mediate platelet collagen responses. Discriminating the roles of these two collagen receptors is complicated by evidence suggesting that GPVI and platelet integrins may activate a common intracellular signaling pathway. To determine how ␣2␤1 and GPVI activate platelets in response to collagen, we have (i) examined collagen signaling conferred by expression of these receptors in hematopoietic cell lines; (ii) determined the effect of blocking each receptor on the activation of human platelets by collagen; (iii) generated low-GPVI mice in which the ␣2␤1/GPVI receptor ratio has been altered from 1:1 to 50:1 to expose ␣2␤1 function; (iv) studied the collagen responses of mouse platelets lacking LAT, an adaptor protein critical for GPVI but not integrin signaling; and (v) addressed the mechanism by which soluble collagens activate wild-type platelets. These studies demonstrate that ␣2␤1 requires inside-out signals to participate in collagen signaling and that ␣2␤1 is required for collagen activation of platelets when GPVI signals are reduced by blocking anti-GPVI antibody, low receptor number, specific disruption of the GPVI signaling pathway, or forms of collagen that bind weakly to GPVI relative to ␣2␤1. We propose a reciprocal two-receptor model of collagen signaling in platelets in which the nonintegrin receptor GPVI provides the primary collagen signal that activates and recruits the integrin receptor ␣2␤1 to further amplify collagen signals and fully activate platelets through a common intracellular signaling pathway. This model explains many of the genetic and pharmacologic observations regarding collagen signaling in platelets and demonstrates a novel mechanism by which hematopoietic cells integrate signaling by structurally distinct receptors that share a common ligand.
Platelet activation in response to vessel wall injury is an initiating event in atherothrombotic diseases such as stroke and myocardial infarction (22) . Collagen is a vessel wall protein known to directly activate platelets (38) , and platelet activation by exposed collagen is believed to be an early and important step in the pathogenesis of these diseases. The molecular basis of platelet activation by collagen has been studied for more than 15 years with the identification of two major collagen receptors on mouse and human platelets: the integrin ␣2␤1 (34) and glycoprotein VI (GPVI), a receptor homologous to immune receptors that signals through the transmembrane signaling adaptor Fc gamma receptor (FcR␥) (8) . Identification of the roles of GPVI and ␣2␤1 during collagen activation of platelets is essential for understanding the pathogenesis of stroke and myocardial infarction and for the development of new therapies to treat these diseases.
Previous pharmacologic and genetic studies to define the roles of ␣2␤1 and GPVI during collagen activation of platelets have not yielded a clear picture of how these receptors work together to activate platelets in response to collagen. Early models proposed that collagen interaction with the high-affinity receptor ␣2␤1 was required for subsequent interaction with GPVI (2), but we have shown that heterologous expression of GPVI alone at a receptor density equivalent to that in platelets is sufficient to confer collagen adhesion and signaling (6) . Loss of GPVI expression in mouse and human platelets results in a complete loss of collagen activation of platelets (26, 27, 29) , identifying a necessary role for GPVI but leaving that of ␣2␤1 undefined. Early reports of human ␣2␤1 deficiency states demonstrated bleeding disorders and platelets with severely reduced collagen responses (19, 30) . In contrast, mouse platelets lacking ␣2␤1 revealed almost no loss of aggregation responses to collagen (7, 11, 28) . These studies are difficult to reconcile and may indicate important species differences, redundant receptor function, or a lack of participation by ␣2␤1 in collagen signaling. The difficulty in distinguishing contributions by ␣2␤1 and GPVI to collagen activation of platelets is compounded by their similar levels of expression on the platelet surface (6) ; by the possibility that the integrin ␣2␤1, like the fibrinogen receptor ␣IIb␤3, requires inside-out activation for participation in collagen signaling (17) ; and by recent studies demonstrating that both receptors couple to the intracellular signaling proteins SYK, SLP-76, and PLC␥2 (10, 12, 32) .
To define the roles of GPVI and ␣2␤1 during collagen activation of platelets, we have combined several genetic and pharmacologic approaches. Heterologous expression of collagen receptors in hematopoietic cell lines expressing SYK, SLP-76, and PLC␥2 conferred collagen signaling that was entirely GPVI dependent and unaffected by coexpression of ␣2␤1 unless the integrin was exogenously activated. Activated ␣2␤1, however, contributed to collagen signals, suggesting that the inability of ␣2␤1 alone to confer collagen signaling in cell lines may be due to a lack of integrin activation in these cells. To address the role of the two collagen receptors in human platelets, we used a novel blocking anti-GPVI antibody, 11A12, and the ␣2-blocking antibody 6F1 (9) . Although 11A12 completely blocked collagen signaling conferred by GPVI in cell lines, neither antibody alone significantly blocked collagen activation of human platelets. Collagen activation could be completely blocked, however, by simultaneous exposure to both 11A12 and 6F1, a result that mirrors similar studies performed on mouse platelets (28) and reveals a role for both receptors that is conserved across species. To further expose the role of ␣2␤1 during collagen activation of platelets, we generated mice in which the ␣2␤1/GPVI ratio on platelets was altered from 1:1 to as high as 50:1 by reducing GPVI levels. Surprisingly, low-GPVI platelets lost responses to the high-affinity GPVI-specific agonists convulxin (CVX) and collagen-related peptide (CRP) but had relatively preserved collagen responses. Unlike those of wild-type platelets, however, the collagen responses of low-GPVI platelets were ␣2␤1 dependent, demonstrating a direct role for ␣2␤1 in platelet activation by collagen that is obscured by higher levels of GPVI. To determine whether ␣2␤1 mediated collagen signaling directly through outside-in integrin signals or indirectly through augmentation of GPVI signals, we studied the collagen response of mouse platelets lacking the transmembrane adaptor LAT. LAT is a lipid raftassociated transmembrane adaptor critical for GPVI but not integrin signaling (15) . Despite normal levels of surface GPVI, collagen signaling in LAT-deficient platelets was ␣2␤1 dependent. Thus, reducing GPVI signaling from outside or inside the cell reveals a critical role for ␣2␤1 during collagen activation of platelets.
Finally, we have addressed the mechanism by which soluble collagens activate platelets. As previously reported, commercially available soluble collagens activated wild-type platelets, albeit at much higher concentrations than required for fibrillar collagen (11, 28, 35) . Like GPVI-blocked, low-GPVI, and LAT-deficient platelet responses to fibrillar collagen, wild-type platelet responses to soluble collagen were ␣2␤1 dependent (11, 28, 35) . Soluble collagens could not activate GPVI-deficient platelets, however, and soluble collagens supported adhesion of GPVI-expressing RBL-2H3 cells. Soluble collagens therefore provide another means of reducing but not ablating GPVI signaling to reveal a critical role for ␣2␤1.
Our studies support a model of collagen signaling in platelets in which two structurally distinct receptors regulate and amplify the response to exposed collagen in a reciprocal fashion. In this model GPVI is required to generate the first collagen signal that activates ␣2␤1 which then amplifies collagen signals by using many of the same intracellular signaling effectors. This model resolves many outstanding questions regarding the activation of platelets by different forms of collagen as well as the collagen activation of platelets from genetically modified mice. Reciprocal signaling by integrin and nonintegrin collagen receptors reveals a novel mechanism of functionally integrating receptor signaling in hematopoietic cells and suggests that therapeutic approaches to human vascular diseases based on inhibiting platelet collagen responses must address the role of both collagen receptors.
MATERIALS AND METHODS
Reagents and animals. CVX and CRP were from the same sources as described previously (6) . Fibrillar type I collagen derived from equine tendon was obtained from Chronolog. Soluble collagens included rat tail type I collagen (Sigma), human placental type III collagen (Sigma), and human placental type I collagen (BD Biosciences). Anti-human GPVI mouse monoclonal antibodies were produced as previously described (6) . Fluorescein isothiocyanate (FITC)-conjugated AK-7, anti-human integrin ␣2 antibody, and anti-rat integrin ␣2 monoclonal antibody, Ha1/29, were purchased from Pharmingen. TS2/16, antihuman integrin ␤1 monoclonal antibody was from the American Type Culture Collection. Anti-human integrin ␣2 monoclonal antibody, 6F1, was a kind gift of Barry S. Coller. EMS16, a snake venom purified from Echis multisquamatus, was a kind gift of Cezary Marcinkiewicz. LAT-deficient mice were a kind gift of Larry Samelson. FcR␥-deficient mice were obtained as previously described (6) , and BALB/c mice were used as wild-type mouse controls.
Generation of HEL cells and RBL-2H3 cells expressing GPVI and/or integrin ␣2, or GPVI-RIIa. Stable clones of RBL-2H3 and HEL cells were obtained by using previously described methods (6) .
Calcium signaling assays. RBL-2H3 and HEL cells were labeled with Fura2am (Molecular Probes), and calcium signaling was detected as previously described (6) . Platelet calcium assays were performed in an identical manner, except that 10 g of Fura-2am/ml was added to human platelet-rich plasma obtained as previously described (6) .
Aggregation and adhesion assays. Human and mouse platelet aggregation assays were performed as previously described (6) . RBL-2H3 cell adhesion assays were performed as previously described (6) .
Construction of the GPVI-RIIa chimeric gene. Extracellular domain of human GPVI was amplified from a plasmid containing GPVI cDNA with the following primer pair: 5Ј-ATCGGATCCATTTGAGGAACCATGTCTCCATC-3Ј and 5Ј-ATCCAAGCTTGGCGCGCCCTTGGTGTAGTACTGGCGG-3Ј. The amplified 0.8-kb fragment was subcloned into pBluescript KS(Ϫ) generating pBS-GPVI-0.8. The transmembrane domain and intracellular domain of Fc␥RIIa was amplified from a plasmid containing Fc␥RIIa cDNA with primer pairs (5Ј-ATC CACGCGTCCTCTTCACCAATGGGGATCATTGT-3Ј and 5Ј-ATCCCTCGA GTCAATGGTGATGGTGATGATGAC-3Ј). The amplified 0.4-kb fragments was subcloned into pBS-GPVI-0.8 at AscI and XhoI sites, generating plasmid pBS-GPVI-RIIA. The final chimeric construct GPVI-RIIa consists of the extracellular domain of GPVI and the transmembrane and intracellular domain of Fc␥RIIa, and the correct construction was confirmed by sequencing.
Generation of GPVI-RIIa transgenic mice. The BamHI/XhoI 1.2-kb fragments of GPVI-RIIa was cloned into a retroviral vector (MIGR1) at the XhoI and BglII sites. To drive platelet-specific expression of GPVI-RIIa, the 2.4-kb EcoNI/SalI fragments of MIGR1-GPVI-RIIa containing GPVI-RIIa and green fluorescent protein (GFP) cDNA flanking an internal ribosomal entry site sequence was blunt ended with Klenow, ligated with NotI linker, and subcloned into pNASSIb␣.GFP at NotI sites. The resulting plasmid pIb␣-GPVI-RIIa-GFP was digested with AscI and SphI to release a fragment containing GPIb␣ promoter sequences driving the expression of GPVI-RIIa and GFP. Transgenic animals were generated by using standard oocyte injection protocols by the Transgenic Core Facility in the University of Pennsylvania. The expression of GFP in founder mouse tail blood was detected by flow cytometry. Transgene-positive founder lines were bred onto an FcR␥-deficient mouse background.
Western blotting. Mouse and human platelets were pelleted as described for the calcium signaling assay. Mouse and human platelet pellets were lysed in 1ϫ sample buffer, and Western blotting was performed with the anti-GPVI monoclonal antibody 6B12 as previously described (6) .
RESULTS
Expression of GPVI but not ␣2␤1 confers collagen signaling in RBL-2H3 cells. The RBL-2H3 cell line is a rat hematopoietic cell line that expresses the intracellular signaling proteins SYK, SLP-76, and PLC␥ but is null for GPVI and expresses very low levels of the integrin ␣2 (Fig. 1A) (6, 20) . We have previously shown that expression of GPVI in the RBL-2H3 cell line is sufficient to confer collagen signaling when GPVI receptor density matches that in human platelets (6) . To determine whether expression of high levels of ␣2␤1 alone was sufficient to confer collagen responses in these cells, we generated RBL-2H3 cells in which human ␣2 was expressed in association with rodent ␤1 (RBL.␣2, Fig. 1A ), a combination previously demonstrated to form a functional collagen receptor (42) . To test whether expression of ␣2␤1 augmented collagen responses in GPVI-expressing cells, we also generated RBL-2H3 cell lines that coexpressed human GPVI and ␣2 (RBL.GPVI.␣2). Expression of ␣2␤1 on RBL-2H3 cells conferred collagen adhesion under static conditions that could be blocked by the ␣2-blocking snake venom EMS-16 (23), by the anti-␣2 antibody 6F1, or by the removal of cation with EDTA ( Fig. 1B) . As predicted by previous experiments performed with GPVI-expressing RBL-2H3 cells (6), adhesion of RBL.G-PVI.␣2 cells to collagen was also directly mediated by GPVI and could only be partially blocked with anti-␣2 blocking agents or with EDTA ( Fig. 1B) . Despite adhesion to collagen, no calcium signaling was detected in RBL.␣2 cells in response to collagen, although RBL.GPVI.␣2 cells exhibited robust calcium responses to collagen (Fig. 1C ). To detect a contribution by ␣2␤1 to collagen signaling in cells expressing both receptors, RBL.GPVI.␣2 cells were exposed to EMS16 or 6F1 (Fig. 1D) . Surprisingly, no effect on collagen signaling was noted with blockade of ␣2␤1.
To confirm that collagen signals in RBL-2H3 cells were dependent upon GPVI-collagen interaction, a blocking antihuman GPVI monoclonal antibody, 11A12, was generated. The antibody 11A12 blocks both collagen adhesion and collagen signaling by GPVI-expressing RBL-2H3 cells at low antibody concentrations ( Fig. 1E and F) . Like GPVI-expressing RBL-2H3 cells, the collagen responses of RBL-2H3 cells expressing both GPVI and ␣2␤1 were blocked by 11A12 (Fig.  1G ). These experiments confirm that collagen signaling in RBL-2H3 cells is conferred by GPVI but not ␣2␤1 even if both receptors are present.
Exogenous activation of ␣2␤1 confers collagen signals that are resistant to the anti-GPVI antibody 11A12 in HEL cells. Platelet integrins are maintained in an inactive state and do not bind soluble ligand until they are activated by intracellular signals through a process known as inside-out signaling (31) . Studies of the fibrinogen receptor ␣IIb␤3 in the megakaryocytic HEL cell line have revealed that these cells, unlike platelets, are unable to generate the inside-out signals required to activate this integrin (13) . These studies suggested that the failure of RBL.␣2 and RBL.GPVI.␣2 to exhibit ␣2␤1-dependent collagen signaling responses might be due to an inability to activate ␣2␤1. To test the possibility that ␣2␤1 requires activation to participate in collagen signaling, we used the human megakaryocytic HEL cell line and the TS2/16 antibody, an anti-human ␤1 antibody that, when bound to ␣2␤1, increases the integrin's affinity for ligand (1) . Unmanipulated HEL cells express low levels of ␣2␤1 and GPVI that may be augmented by treatment with phorbol myristate acetate (PMA) (3, 4) ( Fig. 2A) . Neither unmanipulated nor PMAtreated HEL cells demonstrated collagen responses (data not shown). Since collagen responses in RBL-2H3 cells are highly dependent upon GPVI receptor density (6), we stably transfected HEL cells with a GPVI-expressing vector to further boost the level of GPVI (HEL.GPVI, Fig. 2A ). When treated with PMA, HEL.GPVI cells generated small calcium signals in response to collagen but these could be significantly augmented by activating ␣2␤1 with TS2/16 ( Fig. 2B) . Unlike collagen-responsive GPVI-expressing RBL-2H3 cells, however, collagen signals in TS2/16-treated HEL.GPVI/PMA cells were resistant to the blocking anti-GPVI antibody 11A12 and could only be blocked with the blocking anti-GPVI antibody 11A12 and anti-␣2 antibody 6F1. These results suggest that ␣2␤1 may participate in collagen signaling responses in an activationdependent manner. By extension, the failure to confer signaling in RBL-2H3 cells with expression of ␣2␤1 is likely to be due to an inability to activate the integrin.
Blockade of both ␣2␤1 and GPVI is required to inhibit collagen activation of human platelets. Augmentation of collagen signaling by exogenously activated ␣2␤1 in HEL cells suggested that in platelets both receptors are likely to participate in collagen signaling. To test the role of each receptor for collagen activation of human platelets, aggregation studies were performed with blocking antibodies against ␣2, GPVI, or both. At higher concentrations of collagen (Ͼ10 g/ml) very little inhibition was seen with blockade of either ␣2␤1 or GPVI alone, but virtually complete, synergistic inhibition was observed with simultaneous blockade of the two receptors (Fig.  3A) . Similar results were obtained through analysis of calcium signaling induced by collagen, although small reductions in calcium flux are detectable with inhibition of each receptor alone (Fig. 3B) . These results are consistent with those obtained in the HEL cell system with activated ␣2␤1 and demonstrate the participation of both receptors during collagen activation of platelets.
Low-GPVI platelets signal in response to collagen but not the GPVI-specific agonists CVX or CRP. Although our experiments supported a significant role for ␣2␤1 during collagen activation of human platelets, both mouse and human GPVIdeficient platelets are unresponsive to collagen (26, 27) , and ␣2␤1-deficient platelets have near-normal collagen responses (11, 28) . Given the requirement for ␣2␤1 activation observed in HEL cells, we hypothesized that during collagen stimulation ␣2␤1 might require GPVI for inside-out activation and, once activated, perform a signaling function redundant with that of GPVI. To expose such a role for ␣2␤1 during collagen signaland in cells treated with high concentrations of EMS16 (500 nM) or 6F1 (100 g/ml). (E) The anti-GPVI antibody 11A12 blocks GPVI-mediated collagen adhesion in RBL-2H3 cells. RBL-2H3 cells expressing high levels of GPVI (RBL.GPVI-173 [6] ) were assayed for adhesion to collagencoated plates for 15 min with or without pretreatment with 3, 10, or 30 g of 11A12/ml. (F) Anti-GPVI antibody 11A12 blocks GPVI-mediated collagen signaling in RBL-2H3 cells. Calcium signals in response to collagen (10 g/ml) were measured in RBL.GPVI-173 cells after treatment with 11A12 (20 g/ml) or nonspecific mouse immunoglobulin G (IgG) (20 g/ml). (G) Blockade of GPVI with 11A12 inhibits signaling in RBL-2H3 cells expressing both GPVI and ␣2␤1. Calcium signals in response to collagen (10 g/ml) were measured in RBL.GPVI.␣2 cells after treatment with 11A12 (20 g/ml) or nonspecific mouse IgG (20 g/ml). To generate HEL cells expressing high levels of the collagen receptors GPVI and ␣2␤1, unmanipulated or GPVI-transfected cells were matured with PMA treatment. GPVI and ␣2 surface expression was detected by using FITC-11A12 and FITC-AK-7, respectively. HEL, unmanipulated HEL cells; HEL/PMA, PMA-treated HEL cells; HEL.GPVI, HEL cells in which human GPVI is stably expressed through a transgene; HEL.GPVI/PMA, HEL.GPVI treated with PMA. (B) ␣2␤1 contributes to collagen signaling in HEL cells after exogenous activation. Calcium signaling in response to collagen (10 g/ml) was measured in HEL.GPVI/PMA cells untreated or pretreated with the activating anti-␤1 antibody TS2/16 (50 g/ml, top panels). Calcium signals in TS2/16-treated HEL.GPVI/PMA cells in response to collagen (10 g/ml) were also measured in the presence of the blocking anti-GPVI antibody 11A12 (30 g/ml) with or without the blocking anti-␣2 antibody 6F1 (30 g/ml, lower panels). Note that the inhibition of collagen signaling conferred by TS2/16 treatment requires blockade of ␣2␤1 in addition to GPVI.
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ing in platelets, we generated mice with altered collagen receptor stoichiometries such that the GPVI/␣2␤1 ratio was radically skewed in favor of ␣2␤1. Since GPVI expression requires coexpression of the FcR␥ chain, FcR␥-deficient mouse platelets lack surface GPVI and are completely unresponsive to collagen (27) . It is not currently known whether mouse platelets express FcR␥ partners other than GPVI. To generate low-GPVI platelets without rescuing other FcR␥ partners, we therefore engineered transgenic mice expressing a GPVIFc␥RIIa chimera (GPVI-RIIa) under control of the GPIb␣ promoter and crossed these transgenics onto an FcR␥-deficient background (Fig. 4A) . The GPVI-RIIa chimeric receptor contains the extracellular domain of human GPVI and the transmembrane and intracellular domains of the human platelet Fc receptor Fc␥RIIa. Fc␥RIIa is known to signal through the same intracellular signaling pathway as GPVI-FcR␥ and is expressed independently of FcR␥ in human but not mouse platelets (5, 24) . Using this strategy we generated two lines of mice, M5 and C14, whose platelets express levels of GPVIRIIa that are ca. 2% that of GPVI on normal human platelets and that we designate "low-GPVI" platelets (Fig. 4B) . Although only results obtained by using M5-derived low-GPVI platelets are shown, M5 and C14 platelets exhibited identical responses to CVX, CRP, and collagen (data not shown). Low-GPVI platelets express wild-type levels of ␣2␤1 (data not shown).
FIG. 3.
Inhibition of collagen activation of human platelets requires blockade of both GPVI and ␣2␤1. (A) Inhibition of collagen-induced platelet aggregation requires treatment with both the anti-GPVI antibody 11A12 and the anti-␣2 antibody 6F1. Gel-filtered human platelets (2 ϫ 10 8 /ml) were treated with 30 g of 11A12/ml, 30 g of 6F1/ml, or both for 5 min prior to measuring platelet aggregation in response to 30 g of collagen/ml. Similar results were obtained by using 10 and 100 g of collagen/ml (data not shown). (B) Inhibition of collagen-induced calcium signaling requires both the anti-GPVI antibody 11A12 and the anti-␣2 antibody 6F1. Calcium signaling in response to collagen (10 g/ml) was measured by using the same antibody conditions as in panel A. Note the synergistic inhibitory effect of blocking both GPVI and ␣2␤1 on platelet activation by collagen. Unlike wild-type platelets, low-GPVI platelets exhibited no aggregation response to the high-affinity GPVI ligands CVX or CRP (Fig. 4C) . Remarkably, despite a virtually complete loss of GPVI-specific responses, low-GPVI platelets had relatively preserved collagen responses (Fig. 4C) . Low-GPVI platelets did exhibit a right shift in their collagen dose response that was in proportion to the level of GPVI-RIIa receptors expressed (Fig. 4C and data not shown) . To rule out the possibility that collagen might be a more potent agonist for the GPVI-RIIa chimeric receptor than for wild-type GPVI, we characterized the responses of GPVI-RIIa to collagen and CVX in GPVIRIIa-expressing RBL-2H3 cells. As previously reported for GPVI (6) , expression of GPVI-RIIa at modest levels in RBL-2H3 cells conferred signaling responses to the high-affinity GPVI ligand CVX but not to collagen (Fig. 4D) . Thus, preferential preservation of collagen responses in low-GPVI platelets is not due to a difference in ligand preference between GPVI and GPVI-RIIa receptors.
Collagen activation of low-GPVI platelets is mediated by ␣2␤1. Signaling in response to collagen but not GPVI-specific agonists in low-GPVI platelets is consistent with the function of a second receptor that recognizes collagen but not CVX or CRP. To determine whether ␣2␤1 is responsible for collagen signaling in low-GPVI platelets, we compared the sensitivity of wild-type and low-GPVI platelets to ␣2␤1 blockade with the blocking anti-␣2 monoclonal antibody Ha1/29 (25) . As observed in human platelets (Fig. 3A) , blockade of ␣2␤1 in wildtype mouse platelets results only in a slightly delayed aggregation response to collagen (Fig. 4E) . In contrast, blockade of ␣2␤1 completely blocked low-GPVI platelet responses to collagen (Fig. 4E) . Interestingly, analysis of a third transgenic line whose platelets express levels of GPVI-RIIa that are ca. 10% that of GPVI on normal human platelets revealed an intermediate phenotype in which inhibition of ␣2␤1 significantly reduced but did not ablate platelet collagen responses (data not shown). These results demonstrate that collagen responses in low-GPVI platelets are mediated by the integrin ␣2␤1 and suggest that as GPVI levels increase the role of ␣2␤1 becomes increasingly redundant.
Despite normal levels of GPVI, collagen activation of LATdeficient platelets also requires ␣2␤1. The ability to activate low-GPVI platelets with collagen but not CVX or CRP mirrors the response of platelets lacking the transmembrane adaptor LAT (15) . As previously reported, LAT-deficient platelets exhibit only a mild reduction in platelet collagen responses but a profound reduction in the response to the GPVI-specific agonists CVX and CRP (Fig. 5A) . A comparison of the doseresponse curves of wild-type and LAT-deficient platelet aggregation reveals a 3-fold rightward shift for collagen and 100-and 1,000-fold rightward shifts for CVX and CRP, respectively (Fig. 5B) . To determine whether the collagen responses of LAT-deficient platelets are ␣2␤1 dependent, we tested the effect of the blocking anti-␣2 antibody Ha1/29. Like low-GPVI platelets, even strong LAT-deficient platelet responses to collagen were virtually ablated by ␣2␤1 inhibition (Fig. 5C) . The requirement for ␣2␤1 is not related to a reduction in GPVI receptor number since the surface expression of GPVI and ␣2␤1 receptors on LAT-deficient platelets was indistinguishable from that on wild-type platelets (data not shown). These results demonstrate that reducing GPVI signaling in platelets from outside the cell by lowering the receptor number or from inside the cell by impairing GPVI signaling reveals a critical role for ␣2␤1 during collagen activation of platelets.
Activation of wild-type platelets by soluble collagens is ␣2␤1 dependent but soluble collagens interact with GPVI. The partial digestion of fibrillar type I and type III collagen yields more soluble forms of collagen that have been reported to bind preferentially to ␣2␤1 and not GPVI (11, 16, 17, 28, 35) , suggesting that these forms of collagen might activate wild-type platelets in a manner analogous to the activation of low-GPVI and LAT-deficient platelets by fibrillar collagen. As previously reported (11, 28, 35) , two commercially available forms of soluble type I collagen (derived from rat tail and human placenta) and a soluble type III collagen (derived from human placenta) stimulate aggregation of wild-type mouse platelets but do so much less efficiently than fibrillar collagen (Fig. 6A) . Thus, wild-type platelet responses to soluble collagens are right shifted in a manner similar to that of low-GPVI and LATdeficient platelet responses to fibrillar collagen. Like low-GPVI and LAT-deficient platelet responses to fibrillar collagen, wild-type platelet responses to soluble collagens are sensitive to blockade by the anti-␣2 antibody (Fig. 6B) (11, 28, 35) . However, both fibrillar and soluble collagen aggregation responses are lost in FcR␥-deficient or GPVI-blocked platelets (Fig. 6C) (11, 28) , suggesting that some residual interaction with GPVI is required for soluble collagen to activate platelets. To test whether soluble collagens can interact with GPVI, we performed static adhesion assays with wild-type and GPVIexpressing RBL-2H3 cells. Expression of GPVI conferred adhesion to soluble collagens, although adhesion was weaker than that obtained with more fibrillar collagen (Fig. 6D ). These results demonstrate that although activation of platelets by soluble type I and type III collagens requires ␣2␤1, soluble background to eliminate native GPVI. The expression level of GPVI-RIIa in these two lines was measured by Western blotting with an antibody that recognizes the extracellular domain of human GPVI (clone 6B12) and compared to that of human platelet lysates from various numbers of platelets. Note the increased size of GPVI-RIIa relative to wild-type human GPVI due to the presence of the longer Fc␥RIIa intracellular tail. The 50-kDa band detected in both wild-type human and transgenic mouse platelets is also detected in FcR␥-deficient platelets that lack GPVI and is a background band. (C) Low-GPVI platelets respond to collagen but not to the GPVI-specific agonists CVX or CRP. The aggregation responses of low-GPVI (GPVI-RIIa ϩ/ϩ ; FcR␥ Ϫ/Ϫ ) and wild-type platelets (3 ϫ 10 8 /ml) to CVX (10 nM), CRP (150 g/ml), and collagen (30 g/ml) are shown. Each experiment is representative of three to five experiments with similar results. (D) The GPVI-RIIa receptor is efficiently activated by CVX but not collagen in RBL-2H3 cells. GPVI-RIIa-expressing RBL-2H3 cells were tested for calcium signaling in response to CVX (10 nM) or collagen (10 g/ml). Note that GPVI-RIIa responds preferentially to the high-affinity GPVI ligand CVX. (E) Low-GPVI but not wild-type platelet collagen responses are dependent upon ␣2␤1. Low-GPVI and wild-type platelets were pretreated with the blocking anti-␣2 antibody Ha1/29 (10 g/ml) or control IgG (10 g/ml) prior to stimulation with collagen (30 g/ml). This experiment is representative of three experiments with similar results. collagens can bind GPVI weakly, and GPVI is required for activation of platelets by soluble collagens.
DISCUSSION
Previous studies of human and mouse platelets have yielded a complex picture of the platelet response to collagen. Two important collagen receptors, integrin ␣2␤1 and GPVI, have been identified, but whether and how they function together during collagen activation of platelets has been unclear. In the present study we utilized a number of methods, including heterologous expression in cell lines, blocking monoclonal antibodies, genetic experiments in mice, and different forms of collagen to define the function of each receptor. Our results support a unique two-receptor system in which integrin and nonintegrin collagen receptors function in a reciprocal manner to activate platelets in response to collagen.
Our studies address two outstanding issues regarding collagen activation of platelets: the sufficient roles of GPVI and ␣2␤1 and whether platelet collagen receptors function independently or in an integrated manner. Analysis of collagen receptor-expressing RBL-2H3 cells demonstrates that GPVI but not ␣2␤1 is sufficient to confer collagen signaling, a result consistent with the preservation of collagen responses in ␣2␤1-deficient but not GPVI-deficient mouse platelets (7, 11, 27, 28) . The inability of ␣2␤1 to confer collagen signaling and the complete loss of collagen signaling observed in GPVI-deficient platelets may indicate that ␣2␤1 functions only as an adhesive receptor for collagen. Alternatively, ␣2␤1 may require insideout activation to participate in collagen signaling, a process that may be deficient in RBL-2H3 cells (13) and in which GPVI might be required to generate the activating signal in an experimental system in which collagen was the sole agonist present. To expose an inside-out signaling defect in cell lines, we exogenously activated ␣2␤1 by using the TS2/16 antibody in HEL cells that express both ␣2␤1 and GPVI. TS2/16-mediated ␣2␤1 activation generated collagen signals that, in contrast to those in untreated cells, could not be inhibited by a blocking anti-GPVI antibody. These studies support previous work demonstrating an increase in the binding of soluble collagen (a relatively specific ␣2␤1 ligand, discussed further below) after platelet activation (17) and suggest that ␣2␤1 participates directly in collagen signaling in an activation-dependent manner.
If GPVI alone is sufficient for collagen signaling and ␣2␤1 requires inside-out activation signals generated by GPVI to participate in collagen signaling, the role of ␣2␤1 might only be exposed by drastically reducing but not ablating GPVI signals. To reduce but not eliminate GPVI signaling in platelets, we used four approaches: (i) pharmacologic inhibition of GPVI with a blocking anti-GPVI antibody; (ii) generation of mice with platelets expressing very low levels of GPVI; (iii) selective interruption of GPVI but not integrin signaling with platelets lacking LAT, a lipid raft-associated transmembrane adaptor; and (iv) activation of wild-type platelets by soluble collagens that are relatively but not absolutely specific ligands for ␣2␤1. Remarkably, although these approaches reduce GPVI signaling in distinct ways from both outside and inside the cell, they result in virtually identical phenotypes: severe loss of platelet responses to GPVI-specific agonists but relatively preserved platelet collagen responses that are dependent upon ␣2␤1 function.
Inhibition of human platelet collagen responses required blockade of both GPVI and ␣2␤1, a result identical to that observed with blocking anti-mouse GPVI and anti-mouse ␣2 antibodies (28, 36) . The inability of anti-GPVI antibodies to completely block platelet collagen responses in both species is most likely due to the fact that pharmacologic inhibition, unlike genetic ablation, is not absolute. GPVI-blocked platelets therefore retain enough GPVI signaling to activate ␣2␤1, which then supports collagen responses unless it is simultaneously blocked. These results reveal a significant role for ␣2␤1 during collagen activation of platelets and suggest that pharmacologic approaches designed to inhibit these responses may require blockade of both integrin and nonintegrin receptors. These results also provide evidence for the conservation of collagen receptor function across species and suggest that there is no need to postulate the existence of two distinct GPVI-binding sites for collagen to explain prior results with blocking anti-GPVI antibodies (36) .
To genetically expose the role of ␣2␤1, we generated mice with platelets in which the ␣2␤1/GPVI receptor ratio is shifted radically in favor of ␣2␤1, while retaining a small number of GPVI receptors to provide inside-out signals for ␣2␤1 activation during collagen exposure (these are referred to here as low-GPVI platelets). Low-GPVI platelets expressing as few as 30 to 40 receptors per platelet (6) exhibited relatively preserved aggregation responses to collagen despite the loss of aggregation responses to the high-affinity GPVI-specific ligands CVX or CRP. Unlike wild-type, but similar to GPVIblocked human platelets, low-GPVI platelet collagen responses were ␣2␤1 dependent, a result supported by a recent study of platelets with a less drastic reduction in GPVI receptor density (37) . Thus, reducing GPVI-mediated collagen signals either through pharmacologic blockade or through genetic reduction in receptor number results in collagen signals that are supported by the integrin ␣2␤1.
How does ␣2␤1 support collagen responses in GPVIblocked and low-GPVI platelets? ␣2␤1-dependent signals may be explained either through a direct and/or an indirect mechanism. In a direct mechanism, activated ␣2␤1 binds collagen and generates independent outside-in signals that are sufficient to fully activate platelets. In an indirect mechanism, activated ␣2␤1 functions as a coreceptor to enhance signaling through GPVI or an unidentified collagen receptor. To distinguish between direct ␣2␤1-mediated signaling and indirect ␣2␤1-mediated augmentation of GPVI signaling, we studied platelets lacking LAT, a lipid raft-associated transmembrane adaptor critical for GPVI but not integrin signal transduction. Recent studies of integrin outside-in signaling in platelets have revealed that both the integrin receptor for fibrinogen (␣IIb␤3) and GPVI-FcR␥ signal through the non-receptor tyrosine kinase SYK (40) , the adaptor SLP-76 (14) , and the phospholipase PLC␥2 (39) . Recent studies of platelet spreading on the ␣2␤1-specific peptide ligand GFOGER suggest that ␣2␤1 also utilizes these signaling molecules during outside-in signaling (12) . Thus, platelets lacking SYK, SLP-76, or PLC␥2 are deficient in both fibrinogen spreading and activation by GPVI-specific agonists in addition to being unresponsive to collagen. In contrast, LAT-deficient platelets exhibit an almost complete loss of signaling responses to the GPVI-specific ligands CVX and CRP but spread normally on fibrinogen (Fig.  5) (15, 33) . Thus, the transmembrane adaptor LAT is a signaling protein utilized preferentially by GPVI-FcR␥ but not by integrins in platelets. This is consistent with studies demonstrating that during collagen stimulation of platelets GPVI but not ␣2␤1 associates with lipid rafts (21, 39 ; data not shown), where LAT is exclusively localized (41) . It is also consistent with the observation that intracellular signaling responses to collagen in GPVI-blocked platelets are identical to those in untreated platelets except for a nearly complete lack of LAT phosphorylation (36) . Thus, our finding that LAT-deficient platelet collagen responses are mediated by ␣2␤1 despite normal levels of surface GPVI is most consistent with direct activation of platelets by ␣2␤1 outside-in signals.
Our studies support a model of collagen signaling in platelets in which an integrin and a nonintegrin receptor function in a reciprocal fashion to generate common activating intracellular signals in response to a common ligand (Fig. 7) . In this model, the nonintegrin receptor GPVI is required to generate the first signal, S1, which engages the integrin ␣2␤1 through inside-out activation. In the setting of high GPVI receptor density, unlimited access to collagen, and unimpaired GPVI signaling, GPVI-mediated signals are sufficient to fully activate platelets. However, when the GPVI S1 is reduced by GPVI receptor blockade, low GPVI receptor density, or impaired GPVI signaling, the integrin ␣2␤1 is required to generate subsequent signals, S2, for full platelet activation. Significantly, this model does not exclude an ␣2␤1 coreceptor function by which it might also augment GPVI-mediated signals. However, coreceptor function alone cannot explain the requirement for ␣2␤1 in LAT-deficient platelets where GPVI is expressed at a high level. This model fits the accumulated cellular and genetic data regarding collagen activation of platelets: (i) platelets lacking GPVI or FcR␥ have lost the ability to activate ␣2␤1 in response to collagen and therefore cannot respond to collagen despite normal ␣2␤1 expression; (ii) ␣2␤1-deficient platelets express high enough levels of GPVI to make ␣2␤1 unnecessary for collagen signaling under experimental conditions using collagen suspensions; (iii) SYK, SLP-76, and PLC␥2 are required for signaling downstream of both collagen receptors; and (iv) LAT-deficient platelets have lost most but not all GPVI signaling and thus are able to activate ␣2␤1 and generate ␣2␤1-dependent signals. Since the reports of ␣2␤1-deficient human FIG. 7 . Reciprocal model of collagen signaling by GPVI and integrin ␣2␤1 in platelets. A proposed model of collagen signaling mediated by GPVI and integrin ␣2␤1 is shown. GPVI is postulated to provide the first collagen signal, S1, that mediates inside-out activation of ␣2␤1. In the presence of normal levels of GPVI, large amounts of collagen and LAT, the GPVI-derived S1 is sufficient for platelet activation by fibrillar collagen. Activated ␣2␤1 is postulated to generate a second collagen signal, S2, that is LAT independent and sufficient to activate platelets. ␣2␤1-generated signals are proposed to be required when GPVI signaling is low, e.g., due to antibody blockade, low receptor expression, loss of LAT, or exposure to soluble collagens that bind preferentially to ␣2␤1. Both GPVI and ␣2␤1 are believed to activate SYK, SLP-76, and PLC␥2. The position of LAT is meant to demonstrate its critical role downstream of GPVI but not ␣2␤1 rather than to indicate that it lies upstream of SYK or SLP-76. individuals with reduced platelet collagen responses preceded the ability to measure GPVI levels (19, 30) , it is tempting to speculate that these individuals may have also had reduced GPVI function. Our model predicts that a pure ␣2␤1 ligand would be unable to independently bind or activate resting platelets due to an inability to generate the signal required to activate the integrin (i.e., S1). Soluble collagens, generated by partial enzymatic digestion of fibrillar type I or type III collagen to a form lacking the complete quaternary structure of native banded collagen, have been described as such a ligand (11, 16, 17, 28, 35) . Significantly, type III collagen that has been highly purified to remove all traces of fibrillar collagen has been demonstrated to behave as an ␣2␤1-selective ligand and bind platelets only after exogenous activation of the ␣2␤1 integrin with TS2/16 antibody or endogenous activation by other platelet receptors (16, 17) . In contrast, other forms of soluble collagen have been reported to mediate platelet adhesion and activation independently but require ␣2␤1 to do so ( Fig. 6) (11, 28, 35) . A straightforward explanation for these observations is that forms of soluble collagen capable of activating platelets retain a small amount of GPVI interaction that is sufficient to activate ␣2␤1. This mechanism is supported by the observation that soluble collagens require GPVI to activate platelets (Fig. 6C ) (11, 28) and by the ability of soluble collagens to support adhesion of GPVI-expressing RBL-2H3 cells (Fig. 6D) . Thus, platelet responses to soluble collagens can be explained on the basis of a severe but not absolute loss of GPVI activation with retention of ␣2␤1 interaction, resulting in platelet responses that phenocopy those of GPVI-blocked, low-GPVI, and LATdeficient platelets to fibrillar collagen. The use of a solubletype collagen also provides a logical explanation for the results of a study of collagen signaling in platelets performed prior to the molecular identification of GPVI that demonstrated ␣2␤1-dependent signaling mediated by Syk and PLC␥2 (18) . A model of reciprocal signaling by GPVI and ␣2␤1 therefore provides an explanation for the collagen responses observed both with platelets from genetically engineered mice and wildtype platelets with different forms of collagen.
The development of a dual receptor system in which integrin and nonintegrin receptors respond reciprocally to a common ligand suggests that each receptor contributes a specialized component of the platelet response to exposed collagen. Since GPVI responses to collagen are highly dependent upon receptor density (6), it is possible that GPVI-collagen interactions regulate the primary, graded signaling responses to vessel injury, whereas ␣2␤1 mediates rapid secondary adhesive and signaling responses once a threshold level of GPVI-collagen interaction has been reached. Since platelet-collagen interactions are believed to participate in primary platelet adhesion and activation events in the setting of flowing blood, such a system might have evolved to allow platelets to respond differentially but with adequate speed to varying degrees of vascular disruption and collagen exposure. Further testing of this model will provide greater insight into the role of integrin signaling during platelet activation and facilitate the development of novel therapeutic agents designed to block or slow the platelet collagen response in the setting of vascular disease.
